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ABSTRACT
A criterion for design of unstalled compressor blades has been
proposed, and a set of outlet guide vanes has been designed accord-
ing to this criterion and has been tested.
A typical compressor stator and outlet guide vane configuration
has been tested and compared with the new design.
The tests show that the new design gives considerably higher pres-
sure coefficients and lower pressure losses.
(ii)
ACKNOWLEDGEMENTS
The author is very grateful to all the members of the M.I.T.
Gas Turbine Laboratory and particularly his thesis advisor Professor
Edward S. Taylor for sharing their time, knowledge and skill in the
effort to solve the present problem. Especially, the work of Mr.
Robert Baker has been of great help.
General Electric Company in Cincinnati has been extremely
helpful, and particular thanks are extended to Mr. E. E. Flagg
who calculated the pressure distribution on the new outlet guide
vanes.
(i)
TABLE OF CONTENTS
Abstract (i)
Acknowledgements (ii)
Table of Contents (iii)
Symbols and Definitions (iv)
I Introduction 1
The Problem 1
II Present Approach to the Problem 1
Design of Blades 3
III Results and Discussion 5
The Validity of the Results 8
Accuracy of Measurements and Results 9
IV Conclusion 9
Appendix I - Testing of G. E. Axial Compressor
Outlet Guide Vane Configuration 10
Appendix II - Prediction of Stall in Airfoil Cascade 12
Appendix III - Effect of a Contracting 'Blade Passage
on the Velocity Distribution 15
Appendix IV - The Behavior of the Boundary Layer
in an Accelerating Flow 17
Appendix V - The Design of a Low Speed Single Purpose
Two-Dimensional Wind Tunnel for
Testing Compressor Cascades 18
Appendix VI - Estimate of the Losses in the Cascades 21
Appendix VII - Summary of Test Results for the New
Outlet Guide Vanes 23
Table I - Co-ordinates for a Set of Typical Stator
Blades and Outlet Guide Vanes 24
Table II - Summary of Results from Cascade Tests of
a Typical Axial Compressor Outlet Guide
Vane Configuration
Table III - Co-ordinates for the Surface of the New
Outlet Guide Vanes 28
Bibliography (iii)
SYMBOLS AND DEFINITIONS
a Distance from the leading edge in fractions of the
chord-length
c Chord-length
C o Pressure coefficient
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Distancc along blade surface from the leading edge.
h
Ratio between inlet and outlet width of a contracting
2 passage
Shape factor (Ref. (8), p. 571)
Static pressure
Difference in static pressure
Total pressure
diff Total pressure loss in diffuser
casc Total pressure loss in cascade
QU2
:1- Dynamic pressure
Difference in dynamic pressure between two points
C
Cp area Ratio defined in Appendix III
p center
Spacing between blades in a cascade
Pressure coefficient
Free stream velocity
Angle of contraction (Appendix III)
Angle between compressor axis and blade chord
Inlet air angle, angle between the incoming air and the
compressor axis
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SYMBOLS AND DEFINITIONS Cont.
2
Subscripts:
Refers to conditions at inlet of cascade
Refers to conditions downstream of cascade
Refers to conditions at the exit of the settling duct
Refers to the point of maximum velocity on the blade surface
(V)
Efficiency of the combination of cascade and diffuser
Pe 1i
Efficiency of the diffuser =e P2
Momentum thickness of boundary layer
Kinematic viscosity of air
Density of air
Solidity of an airfoil cascade
Skin Friction on the' surface of a flat plate
Laplace' s equation for irrotational flow
APo casc
6 qPressure loss coefficient of cascade
o diff
q, Pressure loss coefficient of diffuser
s: The walls of the cascade perpendicular to the blades,
simulating hub and casing.
s: Walls parallel to the blade surfaces at each end of
the cascade.
0
0
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End Wall
Side Wall
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2
e
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I *INTRODUCTION
The Problem
The axial compressor is generally used to provide high pressure
air to the combustion chamber of a turbo-machine. Experience shows
that the combustion chamber performs best when a steady low velocity
axial flow of air is fed into it. The air coming from the last
rotor stage of the axial compressor has a large tangential and a
substantial axial velocity component. Between this last stage
and the combustion chamber the tangential component should be
eliminated and the axial reduced.
The fluid should go through a process which brings it from a
state of high velocity and low pressure to one of high pressure
and low velocity. Inherent in this process is a danger of
separation of the boundary layer. This again leads to reduced
effective cross-section and added mixing losses, the turning of
the flow is incomplete and the velocity is high.
An inspection of existing axial compressors shows that there
are various ways of attacking this problem. The turning is
performed in two or three rows of blades, while the reduction
of the axial velocity component is performed in a straight-walled
diffuser or simply in a sudden enlargement of the cross-section.
There are strong indications that the performance of existing
configurations is not satisfactory and this project is an at-
tempt to improve on it.
II. PRESENT APPROACH TO THE PROBLEM
The present investigation is divided into three parts:
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The first objective is to find a pressure distribution
on a compressor blade that prevents the boundary layer from sep-
arating.
The second is to study the possibility of reducing the
adverse pressure gradient through a compressor cascade by contracting
the blade passages in the span-wise direction.
The third is to design a set of outlet guide vanes, test
them, and compare the performance with that of a typical existing
outlet guide vane configuration.
A substantial amount of work has been put into the studies of
stall of airfoils, separation in straight and curved diffusers and similar
effects which all arise from the misbehavior of boundary layers in
a rising pressure field. Some criteria for boundary layer separation
exist, but they are not very satisfactory.
From experiments on airfoils and diffusers and from pure
boundary layer research certain general properties of the boundary
layer become apparent:
Separation is likely to occur if
a) the adverse pressure gradient is high
b) the pressure rise is high
c) the boundary layer is thick at the onset of an
adverse pressure gradient.
These properties have been incorporated in a rule-of-thumb result-
ing from inspection of existing airfoil data. Comparison of experi-
mental and theoretical pressure distributions on airfoils and their
drag coefficient gives an indication of what a "good" pressure dis-
tribution is (i. e., a distribution that does not lead to separation).
An elaboration on this is found in Appendix II.
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Estimates of losses due to skin friction and comparison of these
with the losses that occur in the tested cascade indicate that there
is a difference in order of magnitude between them. The frictional
losses may be increased considerably if this means that separation
can be avoided. (i.e., The solidity of the blades may be very high
before the frictional losses become predominant.)
Along these lines a set of compressor blades have been designed.
Design of Blades
The steps in the calculation of the blade profile were the fol-
lowing:
a) After deciding upon a desirable pressure-distribution (see
Appendix II) on the suction side of the blade, the contour of this
side was constructed assuming constant axial velocity.
b) The blade should be overturned at the leading and trailing
edges to allow for upwash and slip. For the trailing edge, Constant's
rule (Ref. (7) was used, while the overturning of the front part
was determined by trial-and-error.
c) A rough sketch of the potential flow pattern gave a fair
estimate of the velocity distribution in the cascade,except at the
leading and trailing edges where it just gave an indication of
whether there would be trouble.
d) A thickness ratio of 6% and a reasonable pressure side con-
tour was chosen.
e) There followed several trial-and-error runs in a computer
to determine the exact potential field, get rid of velocity peaks
and determine the design solidity.
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The blades, whose pressure distribution were cornsidered to conform
satisfactorily with the desired one, had the following characteristic
dimensions:
Chord length 8.18"
Thickness to chord ratio 6%
Design spacing 2.73"f
Design solidity 3.0
Design air inlet angle P1 = WO
Design alr outlet angle 12 = -2.5*
(The coordinates of the blade are found in Table III while a drawing of
the profile is found in Figure 8.)
The calculated pressure distributions for three different inlet air
angles are presented in Figure 7.
It will be noted that there are velocity peaks very close to the lead-
ing edge. These are due to the tip radius and cannot be avoided, and arz
neglected in the calculations of the maximum pressure rise on the blade
surface.
The possibility of reducing the adverse pressure gradient through the
blade passage by contracting the passages in the span-wise direction is
considered. Such a contraction will have two major effects: it will to
some extent reduce the pressure gradient in the center of the passage,
while at the end-walls there will be a considerable reduction of pressure
and this may prevent a possible separation of the end-wall boundary layer.
The effect of a contraction on the pressure gradient is discussed in Ap-
pendix III. It is seen, as should be expected, that an effective reduc-
tion of the center pressure would require a low aspect ratio blades. In
Appendix IV the effects of accelerating the flow on the end-wall boundary
layer are studied. It is shown in Appendix III that an ideal irrotational
flow will be highly accelerated along the end-walls of any contracting
passage, and it is only the presence of the boundary layer that reduces
this acceleration to a finite value. Figures 15 and 16 show that a very
moderate local acceleration would tend to reduce the boundary layer momen-
tum thickness. From this simple analysis the important factor in deciding
whether to contract a passage or not, and what contraction to use, is the
desired reduction of the adverse pressure gradient in the center of the
blade passage.
III. RESULTS AND DISCUSSION
The main purpose of thiS project has been to develop a set of axial
compressor outlet guide vanes that turn airflow efficiently from an inlet
air angle of 1 = 600 to an outlet angle P2 = 0*. The new blades have
been tested in a cascade and have the following characteristics obtained
in the wind tunnel described in Appendix V:
The flow is turned through the required angle from 600 to 00.
The pressure coefficient at design conditions between a measuring station
far upstream and a point 4 inches downstream of the trailing edge was 0.62.
The design solidity is 6- = 3.0. At higher solidity the blocking effect
of the blades and their wake reduce the pressure rise, while at lower sol-
idity the turning of the flow is incomplete and the blades carry a high
load and suffer from separation.
The pressure distribution on the blade surfaces are obtained from
static pressure taps in the end-walls along the contour of the center blade
of the cascade. These readings are plotted together with the theoretic-
ally calculated pressure distribution and compare fairly well (Figure 9).
In order to get some insight into the behavior of the boundary layer
on the surfaces of the new outlet guide vanes, they were sprayed with a
thin coating of naphthalene, and the rate of sublimation was observed.
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This rate varies for different kinds of flow (Ref. (6)). At design condi-
tions the suction side boundary layer was laminar for the first 3 inches.
Then a small separation bubble occurred (undetectable with tufts). The
flow reattached after 1/4" and was attached along the midspan, while at
the ends the low momentum flow from the end-walls collected and separation
occurred. The pressure side had a small separation bubble 1/4" downstream
of the leading edge, the flow reattached after another 1/4" and stayed
attached the rest of the way.
For comparison a typical axial compressor outlet guide vane config-
uration was tested. It consisted of the last stator row and one row of
outlet guide vanes. It was followed by a straight diffuser. The test is
described in detail in Appendix I. This configuration and the new one
were tested in the same wind tunnel. The flow satisfied the same require-
ments with respect to uniformity, and the pressures were measured at the
same distances upstream and downstream of the leading and trailing edges.
This is very important since the static pressure continues to rise a con-
siderable distance downstream of the cascade.
The pressure coefficients obtained for the typical configuration and
for the new one were, respectively, C = 0.55 and C = 0.62. The pres-
sure coefficient for the cascade and diffuser combination came out to be
C = 0.68 and C = 0.76, while the overall efficiencies were = 0.77p p
and = 0.86. These numbers indicate that the exit velocity profile of
the new blades is less uniform than for the typical configuration.
During these tests the same diffuser has been used at the exit of the
cascade and no serious separation has been observed in this part. The ef-
ficiency of the diffuser is therefore considered constant. By picking an
appropriate efficiency q d = 0.75 for the diffuser it is possible to
calculate the pressure losses in the different cascades (Appendix VI).
The pressure loss coefficient for the new outlet guide vanes come out to
be o P O = 0.07 as compared to 0.16 for the typical
- casc qco
configuration. The pressure coefficients at different stations are com-
pared with the corresponding ones for the typical configuration in Figure
10, while a summary of the data for the new outlet guide vanes is found
in Appendix VII.
The frictional losses from a set of blades may be approximated by
calculating the drag on a flat plate, and these losses turn out to be
negligible compared to the losses that actually occur in cascades. There
are several reasons why experiments do not show the low pressure losses
and high pressure rises predicted by theory:
The boundary layer has a blocking effect, it reduces the effec-
tive cross-section of the blade passage, and cdasequently the velocity of
the main flow is increased above what would be expected from a friction-
less fluid. But, more important, is the reduction of area due to separ-
ation of the boundary layer and the mixing losses arising from this phen-
omenon.
The rule-of-thumb for unstalled operation of compressor blades in
Appendix II is developed from the data on relatively conservative airfoils.
The new design demands a much higher turning angle and pressure rise than
these and was only expected to have reasonably low pressure losses. When
a flow of fluid is turned from a high inlet angle in a compressor cascade,
the pressure gain per degree of turning will at first be very high. Then
after a while it will decrease and come to a point where the kinetic energy
converted to static pressure is cancelled by the pressure losses. Further
turning beyond this point will lead to a decreased pressure coefficient
and efficiency. In a case where the flow separates, these losses are very
high. This seems to be unavoidable when, as here, the flow is required
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to turn from 60* to 0*. It can also be assumed that the typical outlet
guide vane configuration tested avoids considerable losses by turning the
flow only from 60* to 130 with the axis.
The naphthalene experiment suggests that the direct cause of separ-
ation was the secondary flow transporting the low momentum boundary layer
into the corners of low pressure in the blade passages. A contraction of
the blade in tke span-wise direction could not eliminate this source of
loss, and could probably not reduce it very much. Because of this and
since the pressure losses in the cascade already were low, the possibility
of improving the performance by a span-wise contraction was rejected.
The Validity of the Results
A test of a cascade with a finite width will to a certain extent
reflect not only the performance of the blades tested, but also the prop-
erties of the wind tunnel and the boundary conditions imposed by it on
the flow. For these tests the cascade contained 5 blades. The side walls
were made of porous sheet metal. These could be taped over, and only vhen
the pressures matched as described in Appendix I, was the flow considered
uniform. This did not happen until the velocity of the outcoming flow
equalled the one calculated from area ratios and the velocity of the in-
coming flow. This served as a check that the correct amount of fluid was
blown out through the side walls, and that the cascade really simulated
an infinite row of blades. For none of the tests was there any sign of
serious separation in the diffuser or in the settling duct. As shown in
Appendix VI a reasonable approximation is to set the efficiency of these
constant. It is therefore believed that the present tests give an ade-
quate basis for comparison between the performances of the cascades
tested.
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Accuracy of Measurements and Results
The pressures could be read within t 0.2% of the inlet dynamic pres-
sure. The average inlet angle was 600 1/2*. The outlet angle was first
determined visually and then pressures in the outlet duct were matched.
It is felt that deviations in the outlet angle of 2* would be discovered.
The angle of attack of the blades was set within t 1/40 and the spacing
was exact to t 1/64". The blades were produced on a special cutter where
the tolerances were t 2/1000". Repeated tests on the same blades in the
same configuration gave variations in pressure coefficients of t 2% and
variations in overall efficiency + 1%.
IV. CONCLUSION
A set of low pressure loss outlet guide vanes has been developed and
tested which compares favorably with an existing outlet guide vane con-
figuration. A further reduction of the losses in the cascade would prob-
ably require control of the secondary flows in the blade passages.
APPENDIX I
Testing of GE Axial Compressor Outlet Guide Vane Configuration
It is known that the performance of the outlet guide vane configur-
ation in connection with a diffuser is low, but any detailed study of this
combination in two-dimensional form has not been undertaken before. There-
fore, a typical outlet guide vane configuration was received frm the Gen-
eral Electric Co. to be tested in the wind tunnel. A sketch Of a typical
velocity profile at the exit of the last rotor stage in an axial compres-
sor (Figure 2) was received from the same company, indicating that the
inlet velocity profile was skewed 4ad the average inlet angle was 57 1/2*.
The boundary layer was fairly thick, approximately 1/5 of the span width.
In the present test no attempt was made to duplicate the skewed profile,
but the inlet boundary layer thickness was varied.
The test set-up is shown in Figure 4, the inlet air angle 0 = 600
and the inlet boundary layer thickness was 1/3" and 1". The inlet velo-
city was approximately 120 ft/sec. The cascade geometry is stown in Fig-
ure 5. The average solidity and aspect ratio for the two cascades are,
respectively, 0.89 and 2.08. The co-ordinates for the blade profiles are
found in Table I, and Figures 3a and 3b show these profiles. The stator
blades have a 6/1000" trip-wire 3/4" downstream from the leading edge to
avoid laminar separation, The side walls of the cascade were flexible
ald porous, and by varying their shape and porosity a periodic velocity
profile was obtained at inlet, throughout the cascade and at the outlet.
The profile was considered uniform when the pressure taps at the
same positioz relative to the blades, but at different integral mimr' of
spacings apart, matched within 2f- of the inlet dynmic head (i.e. the
pressures at points with the same letters in Figure 4 were matched). The
outlet angle was determined visually with tufts.
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The cascades were followed by 4 diffuser with a total included angle
of 17.5 and an outlet to inlet area-ratio of 2.02. The diffuser was fol-
loved by a settling duct, 36" long.
The cascades were tested for an inlet boundary layer thickness of
1/3" at design angles of attack. Then the angle of attack for the stator
was varied from the design angle (-5*, -10* and +5o). The outlet guide
vanes were displaced 1" for (-100) to prevent the wake from the stator
from hitting the outlet guide vanes. The cascades were also tested for
an inlet boundary layer thickness of 1" at (-10*), but no change in the
nature of the flow was observed. The angle between the axial direction
and the chord of the outlet guide vanes was kept constant throughout all
the runs.
The results are simarized in Table II and the pressure rise through
the apparatus is plotted in Figure 6.
The blades turn the flow from an angle of 600 to 130 with the axis
and have high losses. These are estimated in Appendix VI.
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APPENDIX II
Prediction of Stall in Airfoil Cascades
Several attempts have been made to find an answer to the problem of
predicting the onset of stall of airfoils in a cascade given the pressure
distribution on the surface of the airfoil.
Maximum loading pprameters have been developed (Refs. 1 and 2).
These can, to a certain degree, predict positive stall, i.e. the sudden
increased drag that occurs when the angle of attack of the blade is too
great. But there is also an increased drag when the angle of attack is
below the design angle, and so far, the onset of this has not been pre-
dicted.
It has long been known that the boundary layer on an object is most
resistant to the influence of an adverse pressure gradient close to the
leading edge where the fluid still possesses most of its initial momhen-
tum. A quantitative expression for this fact has not yet been found, and
in analyzing airfoil data and forming maximum loading parameters it has
so far been neglected.
The present results have been arrived at after making the following
assumptions:
a) Reynolds number effects are negligible for the performance
of the airfoils.
b) The shape of the pressure distribution is important, and
this is adequately represented by the position and size of the
peak velocity, and the maximum pressure rise on the suction side.
c) As a result of (a) the position of the peak velocity may be
given in % of chord length from the leading edge.
For a typical pressure distribution on an airfoil the characteristic
parameters are shown in the following sketch:
- 13-
S
suction surface
pressure surface
0 a - 1.0 chord
From the drag measurement on the respective cascades it has been
determined whether the cascade is stalled or not. As a definition of
stall is taken:
Drag > 1.4 x (minimnum drag occurring at the same inlet angle).
Amall disturbances in the flow or of the blade will produce variation in
drag of this magnitude.
Two plots are presented:
In Figure 11 the and a are taken from experimental pres-
sure distributions (source, Ref. (3)). As would be expected the border-
line between stalled and unstalled operation is somewhat unclear, since
any stall will change the pressure distribution radically.
For Figure 12 the and a are taken from theoretical pres-
sure distributions (sources, Refs. (3), (4) and (5)). The regions of stal-
led and unstalled operation are separated and prediction of stall is suc-
cessful in 39 of 40 cases.
In each case analyzed here the Z& on the pressure side has been
smaller than that on .the suction side.
To sum up:
If the angle of attack is much higher than the design angle,
there will be a high peak velocity close to the leading edge. As long
as this peak does not force 0.8 for 0 > a> 0.235 the blades
will not show any substantial stall and they will have a high overall pres-
sure recovery and a low loss.
If the angle of attack is much mller than the design angle the point
of peak velocity will move back towards the trailing edge and, although
this peak is relatively low, the growing length for the boundary layer
has been increased before the onset of the adverse pressure gradient and
separation occurs if
"A >1.8 (1 - a)3 for 0.235 <a <1.0
Exapekiments with visual determination of separation on NACA 65-41o air-
foils by subliming naphthalene (Ref. (6)) clearly show this.
It is only at even smaler angles that serious separation occurs on
the pressure side of the airfoil. Lift-drpg curves tend to affirm this,
and it may be concluded that it is the pressure distribution on the suc-
tion side of a blade that largely determines whether the blade is stalled
or not, and the distribution on the pressure side is unimportant.
An empirical criterion for prediction of stall of airfoil cascades
is developed. For unstalled operation
0.8 (1 - &) for 0.235 < a <1.0
192<0.8 for 0 < a < 0.235
This has been tested on five different airfoils and is successful in 39
of 40 cases. More data is desirable to improve on these limits.
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APPENDIX III
Effect of Contracting a Blade Passage on the Velocity-Distribution
In order to reduce the adverse pressure gradient due to the expansion
of flow through a cascade, a contraction in the span-wise direction has
been suggested.
To get an insight into the effect of the shape of the contraction on
the pressure distribution in the center of the passage an extremely sim-
plified model has been used. A thin sheet of streamlines, parallel to the
span of the blades is picked. This sheet is unfolded onto a plane. The
streamlines running along the plane are assumed to expand uniformly in
the direction perpendicular to it, from a width 1 at the inlet of the
passage to 2 at the outlet. A contraction is imposed in the plane, and
the streamlines are assumed to behave as in a two-dimensional irrotational
flow in this plane.
The two-dimensional flow may be obtained several ways, but since the
model is a crude approximation, a relatively crude procedure should be suf-
ficient, and a Hele-Shaw flow is used. This flow is based on the fact that
creeping flow satisfies N7 = 0, the conditions for irrotational flow
(Ref. (8)). The apparatus is very simple, consisting of the contraction
cut out in 10/1000' plastic, and smoke is injected to visualize the stream-
lines. By measuring the distance between the streamlines at various points
the pressure rise can be calculated. These streamlines are then mathemat-
ically expanded, and the pressure rise coefficient C = isp center q
calculated for center strealine. C based on the area ratios is also
h C1 p__area_
calculated Cp area = 1 - ; nd so is the ratio R= Cparea
4h 2 p center
A simple contracting passage shown in the figure following is chosen,
even though it has singular points, because it can be represented by just
h 
-16-two parameters: h2 and a.
A 1
Thus it can be determined how R varies with h and a; Figure 13.
2
The pressure rise along the center streamline is the critical one, and by
fixing the maximum allowable C here, one gets:p
C
p area R
p center
Cp center Cp ma and 2 2(l - R C )
By combining this condition with Figure 13, Figure 14 is obtained.
Here the allowable area-ratios for a given C are given as a func-
tion of the angle a.
The velocity at A is 0 and at B infinite. This implies that
the flow going from A to B is highly accelerating and it is only the
presence of the boundary layer that brings the acceleration down to a fin-
ite level.
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APPENDIX IV
The Behavior of the Boundary Layer in an Accelerating Flow
When a uniform flow in a straight duct is forced through a contrac-
tion it will be accelerated and this acceleration will be stronger along
the contracting walls than in the center. These short considerations will
give an approximation to the boundary layer behavior along the walls, as-
suming the only effect of the walls is to accelerate the flow.
The momentum integral equation for the boundary layer may be written
in the form: (Ref. (8), page 571)
+ (H + 2)- Todx u dx 
-
Pu
The expression for the wall shear stress is assumed to be of the same form
as that for a flat plate of zero incidence
Zo a
Prandtl uses a = 0.0128 and n = 4. By assuming H = 2.4 = constant
throughout the acceleration, approximate relations between acceleration
and boundary layer momentum-thickness are obtained. The inlet velocity
is 100 ft/sec~A.
Corresponding curves for boundary layer thickness and velocities are
plotted in Figures 15 and 16. It is seen that a very -mal acceleration
is required to maintain constant boundary layer thickness if the inlet
thickness equals 9 = 10-1 ft. and it is moderate for 0 = 10-2ft.
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APPENDIX V
The Design of a Low Speed Single Purpose Two-Dimensional Wind
Tunnel for Testing of Compressor Cascades
Purpose
This particular wind tunnel was built to test high-camber compressor
blades at high inlet angles followed by a diffuser.
It was considered more important to get a comparison between differ-
ent configurations than to duplicate the exact conditions in a compressor,
except with respect to the nature of the flow (i.e. turbulent versus lam-
inar).
Since the turbulence level in a compressor in general is high, a tur-
bulent boundary layer is insured by putting trip-wires on the blades. The
uniformity of the velocity and direction of the flow upstream of the cas-
cade was considered very important. The span of the blades was set to
5.69", inlet air angle 600 and inlet air velocity around 120 ft/sec.
Equipment
The set-up consisted of a main blower, a settling chamber, a conver-
ging nozzle, an inlet section, the cascade to be tested, a straight dif-
fuser, a settling duct and a blower providing boundary layer suction in
the inlet section, see Figure 1. The main blower is a 6000 cfm, Sturtev-
ant, Axial Ventilation Fan, static pressure 3 in H2 0. The auxiliary
blower is a 2000 cfm, L. J. Wing, Axial Fan, static pressure 5 in H2 0.
The fluid coming from the main blower is led into the low-velocity
settling-chamber vhere it flowed through a honeycomb-plate to straighten
it, then through 7 screeens, 14 by 8 mesh, 10/1000" wire, to reduce the
turbulence.
Suction
Two different inlet-sections were used, one with and one without
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boundary layer suction. If the blades operate close to separation, the
sidewall-boundary layers stall the end passages and create a spacewise
non-periodic inlet velocity-profile. This may be remedied by porous and
flexible sidewalls through the cascade and/or continuous boundary layer
suction in the inlet section, so far only the first has been used, The
continuous suction was obtained by sucking the 'boundary layer through
nylon cloth glued on perforated sheetmetal over a length of 3 ft. The
porosity of this combination was 10%. Suction slots were tried, but un-
successfully since they had to be so big relative to the blade-span that
they distorted the inlet-velocity-profile.
Test section
The inlet air angle was constant, but the stagger could be varied.
The outlet configuration has a substantial effect on the performance of
the cascade tested. One of the objects of this project was to study the
performance of outlet guide vanes in connection with a diffuser and it
was found convenient to test all the cascades as far as possible with the
same straight walled diffusing section at the outlet.
Instrumentation
All the measurements of velocity were taken with a pitot-static tube,
and the static-pressure measurements were taken with pressure taps in the
walls or on the surface of the blades. These pressures were read on an
adjustable inclined manometer which was calibrated to give readings within
0.2% of the inlet dynamic head.
Experiences
1) The flow coming out of the main blower had a swirl and this cre-
ated a vortex along the cone going downstream from the hub. The low-energy
fluid collected along the centerline and the result was regions of unsteady
stall and a non-uniform total pressure profile. This problem was solved
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by cutting the end of the cone off and rounding it.
2) Straightening tubes in flow with spacewise variations in direction
over a cross-section will give spacewise variations in pressure losses.
3) High turning compressor cascades were not tested successfully
without flexible, porous sidewalls.
4) The greater the number of blades in a cascade the easier it is to
produce uniform inlet and outlet conditions. It is felt that this cascade
with advantage could have contained some more blades.
-21-
APPENDIX VI
Estimate of the Losses in the Cascades
An attempt is here made to separate the pressure losses in the cas-
cade from those of the diffuser. Since the diffuser did not at any time
show signs of serious separation it is assumed to have constant efficiency
Pe - P2
0.75ie * 2 . The overall efficiency may be written:
6 e ~ Po diff - Po casc
and the diffuser efficiency
q2 qe Po diff
2diff q2  - e
By regrouping and combining these two equations one gets:
diff = pressure loss coefficient for the diffuser
difff
(= - --6 PO iffq 1  qe1q, diff q, q
casc = pressure loss coefficient for the cascade
dp asc 9
= casc (l e' diff (q q
Using C = 0.75 and the experimental values for the other quantities
the following results are obtained:
LA.) diff
Typical outlet guide Run I 0.347 0.049
vane configuration:
II 0.237 0.054
III 0.197 0.070
" IV 
-----
" V 0.162 0.053
" VI 0.190 0.062
New outlet
guide vanes 0.07 0.061
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An error of t 5% in the choice of diffuser efficiency will give variations
a o + 1
of = - . Therefore the approximation made seems reasonable.q, 100
APPENDIX VII
Summary of Test Results for the New Outlet Guide Vanes
Angle between chord and axis =
Solidity (or
Inlet boundary layer thickness 1/3"
Inlet air angle P 1
Outlet air angle 12
Pressure coefficient for the blades C =p
Pressure coefficient for blades and diffuser 0.76
Pressure coefficient at the end of the 0.80
settling duct
Overall efficiency
Pressure loss coefficient
1 =
'-0ca
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30.3*
3.0
6o0
00
0.62
0.86
sc= 0.07
TABLE I
Coordinates for a Set of Typical Stator Blades and Outlet Guide Vanes
Angle between outlet guide vane chord and axis 7.5*
Outlet guide vane
Station Station
1 1.975 1.131 26 2.948 1.131
2 1.982 1.128 26B 2.952 1.142
3 1.984 1.128 27 2.905 1.159
4 1.9894 1.120 28 2.857 1-176
5 2.002 1.130 29 2.810 1.191
6 2.027 1.134 30 2.761 1.205
7 2.051 1.139 31 2.712 1.218
8 2.075 1.143 32 2.663 1.228
9 2.123 1.153 33 2.613 1.238
10 2.1714 1.162 34 2.563 1.246
11 2.2195 1.169 35 2.512 1.251
12 2.2678 1.176 36 2.461 1.254
13 2.316 1.181 37 2.410 1.255
14 2.364 1.185 38 2.359 1.252
15 2.413 1.188 39 2.309 1.247
16 2.461 1.190 40 2.258 1.239
17 2.510 1.191 41 2.208 1.229
18 2.559 1.191 42 2.159 1.216
19 2.608 1.190 43 2.110 1.201
20 2.657 1.187 44 2.063 1.183
21 2.705 1.181 45 2.040 1.173
22 2.754 1.173 46 2.017, 1.162
23 2.802 1.163 47 1.995 1.149
24 2.850 1.151 48 1.984 1.142
25 2.897 1.137 49 1.980 1.139
26A 2.943 1.119 50 1.978 1.137
cont.
-ph .
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Table I Cont.
Angle between stator chord and axis (X = 34*0
STATOR
Station X
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26A
1.876
1.879
1.883
1.884
1.905
1.936
1.966
1.996
2.056
2.116
2.176
2.236
2.296
2.356
2.416
2.476
2.537
2.597
2.658
2.718
2.779
2.839
2.899
2.959
3.018
3.076
y
1.124
1.120
1.120
1.120
1.121
1.125
1.129
1.134
1.144
1.153
1.161
1.16.7
1.173
1.178
1.180
1.183
1-185
1.185
1.184
1.181
1.175
1.167
1.157
1.145
1.129
1-.110
Station
26
26B
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
x
3.081
3.086
3.027
2.969
2.908
2.847
2.787
2.725
2.664
2.602
2.539
2.476
2.413
2.350
2.288
2.225
2.163
2.102
2.042
1.982
1.953
1.925
1.897
1.883
1.878
1.875
y
1.124
1.139
1.157
1.175
1.193
1.208
1.222
1.235
1.246
1.255
1.262
1.265
1.266
1.263
1.257
1.249
1.237
1.223
1.206
1.186
1.174
1.161
1.147
1.138
1.134
1.132
TABLE II
Sumary of Results from Cascade Test of a Typical Axial Compressor Outlet Guide Vane Configuration
Angle between
chord and axis
Cz (stator)
C for
p
stator blade
C out ofp
stator /OGV
C at end
diffuser
C at endP
of duct
pressure coefficients
290
34*
(Design)
390
440
44*
with blades
displaced 1"
in crosswise
direction
440
with blades
displaced 1"
in crosswise
direction
based on area ratios
0.164
0.302
0.407
0.428
0.428
Span: 5.69"
Inlet air angle: 60*
Average solidity: 0.89
Average aspect ratio: 2.08
Run
I
0
I
II
III
Iv
V
VI
r at end
of duct
o .7h4
0.392
0.470
0.470
0.546
0.495
0.903
0.503
0.596
0.638
0.676
o.638
0.937
0.542
o.64o0
0.679
0.717
0.69
1.00
0.575
o.684
0.718
0.770
0.732
cont.
Table II. cont.
Run Angle between
chord and axis
(oGv)
0
I
II
III
IV
v
VI
7-50
7-50
7-50
7.50
Inlet BL
thickness
1/3"
1/3"
1/3"
1/3"
1/3"
1"
Outlet
angle
8..
13
13*
13 0
130
130
13*
Stator
stall
stall
stall
(slight)
unstall
unstall
unstall
Coments
Outlet
guide vane
unstall
unstall
stall
hit by wake
from stator
stall
hit by wake
from stator
stall
stall
Diffuser
unstall
unstall
unstall
unstall
unstall
unstall
I
0
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TABLE III
Coordinates for the Surface of the New Outlet Guide Vanes
Angle between chord and axis = 30.30
Station X Y Station X Y
1 1.9779 1.0569 31 1.4215 1.0570
2 1.9817 1.0565 32 1.3603 1.0419
3 1.9858 1.0568 33 1.2960 1.0232
4 1.9891 1.0585 34 1.2291 1.006
5 1-9907 1.o615 35 1.1601 0.9742
6 1.9901 1.0649 36 1.o897 0.940
7 1.9876 1.0676 37 1.0185 0.9102
8 1.9838 1.0692 38 0.9472 0.8731
9 1.9800 1.0700 39 0.8765 0-8330
10 1.9743 1.0710 40 0.8074 0.7902
11 1.9679 1.0721 41 0.7404 0.7450
12 1.9605 1.0734 42 0.6764 o.6979
13 1.9521 1.0748 43 0.6160 0.6495
14 1.9426 1.0763 44 0.5596 0.6003
15 1.9318 1.0779 45 0.5073 0.5511
16 1.9195 1.0796 46 0.4594 0.5026
17 1.9056 1.0814 47 0.4158 0.4552
18 1.8899 1.0833 48 0.3763 0.4096
19 1.8722 1.0853 49 0-3409 o.366o
20 1.8522 1.0872 50 0-3094 0-3247
21 1.8297 1.0890 51 0.2814 0.2860
22 1.8046 1.0905 52 0.2568 0.2499
23 1.7764 1.0917 53 0.2352 0.2165
24 1.7450 1.0924 54 0.2163 0.1859
25 1.7102 1.0922 55 0-1997 0.1578
26 1.6717 1.0910 56 0.1855 0.1323
27 1.6295 1.0884 57 0-1731 0.1092
28 1.5833 1.0841 58 0.1624 0.0884
29 1-5332 1-0777 59 0.1531 0.0697
30 1.4792 1.0688 60 0.1451 0.0529
-29-
Table III. Cont.
Station x y Station X Y
61 0.1381 0.0380 93 0.4885 0.3903
62 0.1321 0.0247 94 0.5346 o.4321
63 0.1269 0.0129 95 0.5843 0.4754
64 0.1223 0.0024 96 0.6374 0.5198
65 0.1184 -0.0069 97 0.6937 0-5650
66 0.1150 -0.0151 98 0.7527 o.61o6
67 0.1128 -0.0207 99 0.8140 0.6563
68 0.1115 -0.0270 100 0.8769 0.7018
69 0.1124 -0.0327 101 0.9409 0.7469
70 0.1158 -0.0363 102 1.0054 0-7910
71 0.1208 -0.0369 103 1.0699 0-8335
72 0.1258 -0.0344 104 1.1340 0.8739
73 0.1301 -0.0295 105 1-1975 0.9113
74 0.1334 -0.0245 106 1.2600 0.9451
75 0.1380 -0.0170 107 1.3211 0.9748
76 0.1434 -0.0086 108 1.3804 1.0001
77 0.1495 0.0009 109 1.4375 1.0210
78 0.1565 0.0116 110 1.4918 1.0375
79 0.1645 0.0236 111 1.5432 1.0501
80 0.1736 0.0371 112 1.5911 1.0593
81 0.1841 0.0521 113 1.6355 1.0657
82 0.1960 o.o688 114 1.6763 1-0697
83 0.2097 0.0873 115 1.7136 1.0720
84 0.2254 0.1077 116 1.7474 1-0730
85 0.2431 0-1302 117 1-7779 1-0731
86 0.2631 0.1549 118 1.8053 1.0725
87 0.2857 0.1818 119 1.8299 1.0715
88 0. 112 0.2110 120 1.8519 1.0703
89 0.3398 0.2425 121 1.8715 1.0689
90 0.3717 0.2762 122 1.8889 1.0674
91 0.4071 0.3121 123 1.9043 1.0659
92 0.4460 0.3502 124 1.9180 i.0645
Cont.
Table III. Cont.
Station X Y
125 1.9301 1.0632
126 1.94o8 1.0619
127 1.9502 1.0607
1!8 1.9585 1.0597
129 1.9658 1.0587
130 1.0722 1.0577
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Fig. 3a Profile of the tested General Electric outlet guide vanes
Fig. 3b Profile of the tested General Electric stator blade.
II
0
a
0
E)
E
0e
100
D D
a, b, A, B, C, D, E are pressure
measuring stations
Air supply
Inlet section
Test cascade
- S" Dif fuser
A
3.50" Settling duct
A* 43"
A* \ 0b ,Screen
Flexible A. \ 1G3,
porous walls A \
A 030 -,C /
Stator blade C
o G vanes E
DE
E.
Fig. 4 Dimensions and pressure measuring stations for the cascade test
of the G.E. compressor outlet guide vane configuration.
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Fig. 7 Theoretically calculated velocity distribution on the
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Fig.8 Profile of the new blades.
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new blades at design conditions.
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Fig. 10 The pressure rise for the new blades at design points at different measuring
stations,( see Fig. 4) compared with the tested G.E. outlet guide vane
configuration runs V and H (Table F) The solid line is the diffusion
expected disregarding all pressure losses.
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